Introduction
Determination of the actual (real) surface area is a key requirement for analysis of different processes ranging from solar energy harvesting, fuel cells, hydrogen evolution and storage electrodes, and in various sensing applications [1] [2] [3] . In surface enhanced Raman scattering (SERS) [4] , the area occupied by hot spots [5] where light intensity is enhanced has to be determined in order to make quantitative estimations of the light enhancement factors [6] [7] [8] [9] [10] . This is achievable for the lithographically defined nanoparticles and their patterns [11, 12] , however, more practical applications implement patterns of random nanoparticles [13] or nanotextured [14] surfaces. Hot-spots on nano-rough films of Au or Ag are expected to be dependent on the porosity, formation of nano-grooves, bumps, crevices which can guide or scatter light. Hence, morphology of sensing films at nanoscale revealed via the electrochemical measurement of the actual surface area will help to understand light field enhancement at the required microscopic level.
The ideal surface area of a metal electrode is defined by the surface number density of atoms. In electrochemistry evaluation of the real surface area of the electrode is usually based on the measurement of charge required for the adsorption/formation or desorption/removal of a monolayer of some atoms or ions (most often H, O, Tl, etc). To obtain the surface increase factor, f si , experimentally measured surface charge, Q r , on a corrugated real surface is divided by the experimentally or theoretically determined monolayer charge Q exp,t , respectively, which is required to deposit a monolayer of surface-bound oxygen or hydrogen on the atomically "flat"ideal electrode of a given geometrical footprint (or projected area) S g [15] :
where σ exp,t is the experimentally or theoretically determined charge density. The value σ exp = 0.4 mC/cm 2 was considered to correspond to formation of a monolayer of oxygen atoms on a polycrystalline surface of a gold electrode [16] ; this corresponds to the atom denisty × e × 2; where e is the electron charge and factor 2 accounts for two electrons required for oxygen deposition on surface according to the overall reaction H 2 O−2e O + 2H + [16] . For the hydrogen monolayer deposition on the Pt electrode σ exp = 0.208 mC/cm 2 [15] , since only one electron exchange occurs according to H + + e H. Here, we demonstrate a method of surface area measurement of a laser ablated surface -ripples -on sapphire coated by gold. The method is based on a more sensitive detection of the charge exchange on the electrode in the cathodic region of a voltammetric cycle. The reference theoretical surface density, and related theoretical surface charge density σ t 0.48 mC/cm 2 , of Au atoms was calculated from geometrical lattice parameters. It is demonstrated, that very small surface areas down to 0.01 mm 2 can be measured with high accuracy ∼95%. Areas of ripple sensor of S g = 200 × 200 µm 2 were measured and compared with SERS intensity increase.
Experimental

Improved surface area measurement
The electrolyte of 0.5 M H 2 SO 4 was deaerated by N 2 before and during experiments. Autolab potentiostat/galvanostat was used to measure cyclic voltammograms. Working electrodes, W E, were a Au-coated ripples on sapphire, flat sapphire and flat cover glass with a geometrical surface area S g immersed into electrolyte. The counter electrode, CE, was Pt and the reference electrode, RE, was the hydrogen electrode in a working solution (RHE) since it is not contaminating the electrolyte [15] . In most experiments, the voltage scan rate was v = 0.01 V/s. It was important to set a slow scan rate for the small area measurements, e.g., the current was too noisy at v = 0.05 V/s for S t = 0.01 mm 2 . The relation between the potential of RHE and the standard hydrogen electrode, SHE, is given by E RHE = E SHE − 0.059pH. When using a 0.5 M solution of H 2 SO 4 with pH ≈ 0, E RHE ≈ E SHE , therefore SHE and RHE scales are practically the same.
Usually, the anodic charge Q a , which is considered to correspond to the monolayer of adsorbed O atoms [17] , is calculated from the onset of surface modification at potential E 1 1.36 V till the Burshtein minimum E 2 1.78 V (the onset point of oxygen evolution [16] ; Fig. 1 ) and can be slightly affected by the distance between electrodes which will be reflected by ohmic losses in solution. The charge is integrated as
where v is the voltage scan rate.
Since the potential of the Burshtein minimum has ambiguity in its deter- mination, moreover the charge Q a is a function of time [18] , we introduce here a new method of charge determination from the Cathodic peak, the origin of which ( Fig. 1 ) is reduction of surface layer of Au(OH) 3 [19, 20] . First, voltage is set close to the Burshtein minimum and kept for 5 min for current to drop to zero as a passivation layer is formed (presumably a monolayer of Au(OH) 3 ) on the electrode. Then, the passivation layer is reduced by scanning potential to 0 V and the obtained Cathodic peak is used to calculate the real surface charge Q r = Q c by integration (Eq. 2) over the Cathodic peak (Fig. 1 ). The actual surface area is obtained by S r = S g × f si , where surface increase (mainly due to augmented surface roughness) factor f si is calculated using Eq. 1. For calculations here, the theoretical surface charge density σ t = 0.483 mC/cm 2 is considered (see details below), which is slightly larger than used for the anodic method of charge calculations with σ exp = 0.4 mC/cm 2 [16] . Formation of Au nanocrystallites contributes to an increase of the actual surface area. It is instructive to define the ideal surface area of an electrode on the pure geometrical parameters of the Au lattice [21] . Polycrystalline Au is usually assumed to consist of equal is the Avogadro number. Considering that all Au surface atoms are oxidized to Au(OH) 3 during 5 min of oxidation at the potential of Burshtein minimum, cathodic charge density σ t ≡ 3 ϕs Na F = 0.483 mC/cm 2 (for a three electron process) would be required to reduce such monolayer of Au(OH) 3 according to the reaction: Au(OH) 3 + 3e − = Au + 3OH − ; here F is the Faraday constant. We used this surface charge density σ t = 0.483 mC/cm 2 (corresponding to the ideal atomically "flat" surface) for the estimation of the surface increase factor. The value ∼ 0.48 mC/cm 2 is larger than the empirically determined 0.4 mC/cm 2 value [16] which, most probably, reflects the fact that actually not all gold surface atoms are converted to Au(OH) 3 due to steric constraints which arise during restructuring of Au surface in the course of anodic oxidation.
Integration of the I-V peaks to determine the charge was carried out by polynomial fitting of the peak and an under-curve integration with the built-in Voigt function using Origin software. Similar values were obtained by using potentiostat/galvanostat software.
Ripple fabrication and characterization
Ripples were fabricated using ultrashort laser pulses (∼150 fs) on the surface of different dielectric materials including SiC, Al 2 O 3 , GaP, glass and synthetic diamond substrates. The high refractive index, n, substrates are used for creation of small ripple periods Λ ≈ λ/n/2 via a sphere-to-plane evolution of sub-surface breakdown [23] ; also, a high melting temperature of sapphire and SiC facilitated recovery of nano-rough surface without melt-smoothing of the surface. Laser beam of λ = 800 nm wavelength was focussed on the optically flat substrate surface using high numerical aperture (N A = 0.7) objective. Substrate was moved by linear stages (Aerotech Inc.) with respect to the stationary laser focal spot to create 200 × 200 µm 2 areas by direct laser writing. Nitrogen gas was purged on the surface of the substrate to remove debris, otherwise accumulating on the surface and preventing ripple fabrication on large areas. Fabrication was performed in air at ambient atmospheric conditions. After fabrication ripple substrates were ultrasonically cleaned in acetone, ethanol and deionised water to remove residual debris. The cleaned samples were further coated by different thickness of gold using magnetron sputtering (AXXIS, Kurt J.Laser Company), a 5 nm titanium sublayer was deposited on sapphire substrate to increase adhesion of the gold. Morphology of the laser nanotextured surfaces was inspected by scanning electron microscopy (SEM).
Results
Surface area measurement
To compare the real surface area S r with a geometrical footprint S g , voltammogram (Fig. 1 ) of a known S g has to be measured. Figure 2(a) shows schematically connections used for the cyclic voltammetry. The working electrode WE was connected to a contact pad (CP in Fig. 2(a) ), which was in direct electrical connectivity to an active surface of geometrical area S g via a narrow ∼ 10 µm wide conductive bridge. The area under investigation was electrically isolated from the rest of the Au-coated substrate by ablation of Au (Fig. 2(b) ,(c)) using the same fs-laser beam as for ripple fabrication. Since it is difficult to control an immersion depth of the WE in a standard cell, part of the channel can be immersed into electrolyte and increase the actual S g area. The bridge area is around 0.01 × 10 = 0.1 mm 2 causing insignificant error for WE areas above 10 mm 2 . In this work, limits of surface area measurements were tested down to 0.01 mm 2 , where the bridge area induced error becomes significant. To avoid this problem, central part of the conductive bridge was isolated from contact with an electrolyte using a nail polish (Fig. 2) . The total S g area including the bridge region was precisely measured under the microscope (Fig. 2(b) ).
Using the proposed method of charge determination, the real surface area can be measured from geometrical footprint as small as 0.01 mm 2 with a high accuracy ∼95% as shown in Fig. 3(a) . Such areas are typical for SERS measurements in microscopy based setups. For accuracy measurements cover glass samples, coated by 30 nm of gold by magnetron sputtering, were used. Error was calculated as a relative standard deviation for the surface increase factor f si , which was defined (Eq. 1) as a ratio between the real and geometrical footprint surface: f si = S r /S g . The real surface area on a glass substrate, coated by 30 nm Au was only ∼ 20 % higher compared to the geometrical footprint f si = 1.22 ± 0.06. For each S g value, three samples were prepared and measured under identical conditions. Each point on the plot in Fig. 3(a) represents the average f si value, calculated from 3 similar samples. Relative standard devia- tion between samples with the same S g was even lower, < 2 %. Figure 3(b) show cathodic peaks, which were used for the calculations of real surface area S r shown in Fig. 3(a) . Graph is split into two parts to show cathodic peaks measured from small and large areas of WEs.
It was found that the real surface area of Au on sapphire substrate can be increased by depositing thicker coating (Fig. 4(a) ). Laser fabricated ripples additionally increase the surface area by factor of ∼2 independent on the Au thickness. For Au coatings above 100 nm, ripples on sapphire caused up to a tenfold increase of the surface area. Interestingly, the real surface area on a Au coated glass substrate was close to the geometrical footprint and did not increase with Au thickness.
SEM images show that a granular size of coating increases with thickness of Au layer for both glass and sapphire in a very similar way (Fig. 4(b) ). An initial surface roughness may play a role, however, the glass and sapphire surfaces were of a 1-2 nm roughness. The real surface area is determined by cyclic voltammetry and is used here to compare performance of different SERS substrates. More subtle intricacies of surface morphology due to the granular pattern, nanoroughness, porosity of Au coating made by magnetron sputtering would require further studies. Obviously, surface tension is playing a role and thermal conditions of the coating deposition. The case presented here corresponds to the most popular room temperature sputter-deposition of Au for SERS sensors. 
SERS measurements on ripples
The SERS intensity increase with thickness of Au layer deposited on ripples was previously demonstrated [14, 24] . An increase of the actual surface area [14] and a higher reflectivity [24] were suggested to explain the augmented SERS intensity. It was shown that due to increased reflectivity, when Au thickness increases from 10 to 100 nm, SERS signal increased ∼ 3 × times at 633 nm excitation wavelength. The SERS intensity dependence on thickness of Au coating varies for different analytes and on the coating deposition method, however, an increase of 6-10 × was following an Au thickness from 10 to 100 nm [14, 24] . The reflectivity increase by 3 × does not fully accounts for the higher SERS intensity. Here we give an experimental evidence that the actual surface area on ripples increases ∼ 5 × times for the same Au thickness increase (from 10 to 100 nm). This correlates with the SERS signal due to increased number of Raman scatters (the analyte molecules) and an increased number density of the hot-spots. Figure 5 shows SERS intensity dependence on concentration of thiophenol in solution; SERS substrates were immersed into the solution to form a self assembled monolayer on Au coating. Average of spectra measured at three random locations on SERS substrate are plotted for each thiophenol concentration (Fig. 5(a) ); note, that spectrum of 10 nM is multiplied 5 × times for clarity. It shows a clear evidence that SERS intensity increases with concentration. Laser nano-textured -ripple coated -sapphire SERS substrates, had 100 nm of Au film and were immersed into solutions of different thiophenol concentrations: 10 nM, 10 µM and 10 mM for 8 hours to allow enough time for binding to the Au surface. After the incubation, substrates were rinsed with ethanol to remove any access thiophenol molecules that did not absorb to gold. To quantitatively compare SERS intensity, the average peak height values of three distinct features at 998, 1022 and ∼1070 cm −1 were measured for each concentration (Fig. 5(b) , notice the log-log scale). For concentration change between 10 nM and 10 µM (10 3× ) SERS intensity increased by 25 × , however between 10 µM and 10 mM (also a factor of 10 3× ), an increase was only ∼ 1.6 × . This indicates, that at low concentrations ∼10 nM a uniform self-assembled monolayer was not formed in agreement with the Langmuir adsorption on gold surface [12] .
The intensity of SERS was compared on different substrates fabricated using ultra-short laser pulses and coated by 100 nm gold. On GaP, SiC, and synthetic diamond it is on average 2.4 × higher as compared to sapphire ( Fig. 6(a) ). This is, most probably, related to a less ordered and larger size structures formed on sapphire surface recognizable in SEM images in Fig. 6(b) . Sapphire has the smallest refractive index of n 1.7 at 800 nm among the used substrates and correspondingly the ripple period is the largest. The same sample preparation protocol was followed for the 10 mM concentration of thiophenol for all the substrates shown in Fig. 6. 
Surface area of a solar cell
Measurement of the actual surface area of solar cells can be carried out by the above demonstrated method for the SERS ripple micro-sensors [25] . Figure 7 shows the surface area determined using the cathodic charge measurement for planar and textured commercial c-Si solar cells. Planar solar cells show 1.4 × and textured 3.1 × times increase of the surface area compared to the geometrical footprint. Ripples could be used to improve charge collection and mechanical
200nm 200nm
Textur.
20μm 2 μm
Planar.
20μm
(1) contact adhesion after fs-laser ablation of Si 3 N 4 antireflection coating [26] .
For solar cells the active surface area is one of the key factors determining their performance. Higher performance crystaline Si solar cells (c-Si) have nanotextured surfaces to collect more light by redirecting it to the solar cell at larger angles, which increases absorption. On the other hand, increased surface area introduces more losses due to surface recombination of photo-generated e − h pairs. Ability to accurately measure real surface area may help in optimizing morphology of surface nano-texture for solar cell. Shadowing effect from the surface contacts (bus bars and fingers) is reducing a solar collection area. The most efficient solar harvesting solutions use sub-surface charge collection to reduce shadowing. Also, very same surface ripples are considered for better surface adhesion and charge collection when surface contacts are used [26] .
Conclusions
A method to directly measure a surface area of laser-ablated surfaces used in SERS sensing is demonstrated. The method allows to correlate surface density of the hot-spots causing SERS enhancement, nano-roughness, and surface area. Direct measurement of surface area shows that the ripple-covered regions has up to tenfold larger surface area on sapphire. All the experiments were carried out with sputtered Au films which are known to be more nano-rough and porous as compared to thermally or ion-beam evaporated films. All the measurements were carried out on Au films thick enough to form a continuous film since only then the surface area determination can be compared with SERS. Thermal treatment of Au-coated surfaces can be used to alter roughness and even cause dewetting and island formation of thin films. Those morphological modification can be traced using the method proposed here.
The revealed proportionality between SERS intensity and surface area is expected to be applicable for structures with aspect ratio below two f ar < 2 since for f ar 2 such as observed in black-Si [27] , SERS becomes very sensitive to the focusing height on tips of black-Si needles [28] . The presented method can be used to measure surface area of electrically continuous coatings even on nano-textured surfaces with features of aspect ratio f ar ∼ 10 which can be coated with an electrically conductive (a fully percolated) Au film [27] . The method is demonstrated for small sensing SERS micro-pads as well as for silicon solar cells and can be used for electrochemically controlled on-chip SERS [29] .
